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Abstract 
 
The nuclear pore complex (NPC) is the selective gateway through which all molecules must pass 
when entering or exiting the nucleus. It is a cog in the gene expression pathway, an entrance to 
the nucleus exploited by viruses, and a highly-tuned nanoscale filter. The NPC is a large 
proteinaceous assembly with a central lumen occluded by natively disordered proteins, known as 
FG-nucleoporins (or FG-nups). These FG-nups, along with a family of soluble proteins known as 
nuclear transport receptors (NTRs), form the selective transport barrier. Although much is known 
about the transport cycle and the necessity of NTRs for chaperoning cargo molecules through the 
NPC, the mechanism by which NTRs and NTR•cargo complexes translocate the selective 
transport barrier is not well understood. How can disordered FG-nups and soluble NTRs form a 
transport barrier that is selective, ATP-free, and fast? In this work, we review various mechanical 
approaches – both experimental and theoretical/computational – employed to better understand 
the morphology of the FG-nups, and their role in nucleocytoplasmic transport. Recent experiments 
on FG-nups tethered to planar surfaces, coupled with quantitative modelling work, suggest that 
FG-nup morphologies are the result of a finely balanced system with significant contributions from 
FG-nup cohesiveness and entropic repulsion, and from NTR•FG-nup binding avidity; whilst AFM 
experiments on intact NPCs suggest that the FG-nups are sufficiently cohesive to form 
condensates in the centre of the NPC lumen, which may transiently dissolve to facilitate the 
transport of larger cargoes. 
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 1 Introduction 
 
1.1 Structure of the NPC 
 
The nuclear pore complex (NPC) is a selective gateway for all macromolecules entering or exiting 
the nucleus. Small molecules can passively diffuse through the NPC (diameter ≲5 nm), but larger 
molecules must bind to small chaperone proteins, called nuclear transport factors (NTRs), in order 
to translocate the NPC.  
 
The NPC is a supramolecular, proteinaceous assembly, comprised of ~30 different nuclear pore 
proteins (hereby termed ‘nucleoporins’, or ‘nups’), which assemble to form a pore across the 
nuclear envelope [1]. Each nucleoporin is present in many copies, to give a total of ~1000 nups, 
with a combined mass of ~60-125 MDa per pore [1–3]. The NPC has an eight-fold rotational 
symmetry around its central axis. At the cytoplasmic face of the NPC, eight filaments protrude into 
the cytoplasm; and at the nucleoplasmic face, a basket structure, also attached by protein 
filaments, extends into the nucleoplasm [4]. The NPC is modular: structural nucleoporins interact 
to form larger nup-subcomplexes, which in turn form the scaffold of the NPC. The structural 
scaffold of the NPC is made of three distinct rings: the cytoplasmic ring complex (CRC), the 
nucleoplasmic ring complex (NRC), and the inner ring complex (IRC) [3,5–10]. Both the CRC and 
the NRC are themselves made from two reticulated ring structures, comprised of 16 copies of the 
Y-shaped Nup107 subcomplex (in the case of the human NPC, Nup107 is formed from 10 
nucleoporins [3]) [11]. These reticulated ring structures are then interlaced with other nups, and 
nup-subcomplexes, conferring structural heterogeneity between the CRC and the NRC. The IRC, 
although comprised of different nup-subcomplexes (Nup93 and Nup62 [12,13]), has a remarkably 
similar morphology to the CRC and NRC [14,15]. The Nup93 and Nup62 subcomplexes form Y-
shaped assemblies - akin to the Nup107 subcomplex - which intercalate to form a ring. The IRC 
then connects with the two outer rings (the CRC and NRC) via Nup155: a component of the 
Nup93 subcomplex [14,15]. 
 
Of the ~30 nucleoporins that form the NPC, only about half are structural: forming the Y-shaped 
subcomplexes and other nup-subcomplexes intercalated into the outer and inner rings [14]. 
Anchored to the inner wall of the central channel of the NPC are many unstructured and 
intrinsically disordered nucleoporins. These disordered nups contain hydrophobic sequences rich 
in phenylalanine-glycine (FG) repeats (hereby termed FG-nups: this term incorporates all 
hydrophobic sequences – such as FG, FxFG, and GLFG, amongst others – found in the 
disordered nups [16]). These are further discussed in section 1.2. From their anchoring sites at the 
inner wall of the NPC, the FG-nups emanate into the central channel and form the selective barrier 
to transport (see Figure 1a for a schematic of the NPC). 
 
Although the nucleoporins between species can be very divergent (e.g., between the structurally 
integral Nup107 subcomplex in yeast and humans [3,17]), the overall architecture is conserved 
across all metazoans [18–21]. However, even with high-resolution data obtained for the scaffold 
structures of yeast, human, and Xenopus laevis NPCs [3,10,22], the disordered nature of the FG-
nups in the central channel means they have eluded the various structure-determination methods 
that depend on averaging techniques. In order to understand what morphology these FG-nups 
assume in the NPC, and how they can form a selective barrier to nucleocytoplasmic transport, 
other methods are required. 
 
1.2 Intrinsically disordered FG-nups 
 
The morphology of FG-nups in the central channel is of great importance for understanding the 
mechanism of selective transport through the NPC, and as such has been a topic of debate for 
many years [23–29]. The FG-nups occluding the central transport channel of the NPC are natively 
disordered [16,30,31]. As mentioned above, they contain repeating sequences of hydrophobic 
amino acids (such as FG, FxFG, FxFx, PSFG, and GLFG [16]), through which they can interact 
with one another, affording them a certain ‘cohesiveness’ [32] – with more cohesive FG-nups 
forming more compact morphologies, and less cohesive FG-nups forming more extended 
morphologies [26,32]. However, the conformation of FG-nups is not solely dependent upon the 
hydrophobic interactions between FG-domains. Repulsive, charged amino acids in the spacer 
regions of the FG-domains can counteract the cohesive interactions of the hydrophobic sequences 
[26]. A higher ratio of charged to hydrophobic amino acids in the FG-domain decreases cohesion 
and leads to protein extension; whilst a lower ratio affords increased cohesion and greater FG-nup 
compaction. It is probable that this heterogeneity in cohesion, compaction, and extension between 
the different FG-nups is used to nuance the NPC function along its axis of transport. For example, 
the glycosylated human Nup98, which is sufficiently cohesive to form hydrogels in vitro, and is 
found anchored to the inner ring of the NPC [12], may, in the confines of the cylindrical pore 
geometry, interact with FG-nups with diametrically opposed anchoring sites, to form a size-
excluding meshwork – thus creating a selectivity barrier to transport. The human Nup153 however, 
located nearer the nuclear periphery [12], may, as well as comprising part of the transport barrier, 
act as a nucleation site for proteins required for the active transport of macromolecules [33]. 
However, the impact of FG-nup heterogeneity on the global morphology of FG-nups in the 
selective transport barrier deep inside the central channel is not well understood.  
 
 
Figure 1. Imaging the nuclear pore complex. (a) Schematic of an AFM probe scanning line-by-
line over the cytoplasmic face of an NPC (not to scale). The dotted black line shows the path 
followed by the probe; at each pixel, the AFM tip indents ~20 nm underneath the top surface of the 
NPC. High-aspect-ratio, supersharp silicon tips (radius ~2 nm) enable probing inside the central 
channel. Imaging is done in aqueous solution. (b) AFM image of the cytoplasmic side of the NPC 
in liquid with glutaraldehyde fixation, representing the eightfold symmetry of the NPC. (c) AFM 
image in liquid without glutaraldehyde fixation, demonstrating rotational symmetry at this spatial 
resolution. The NPC at the bottom exhibits the signature of a central plug in its height profile. The 
colour bar inset in both (b) and (c) is representative of 45 nm in height. (d) Correlative SEM-
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dSTORM with labelling of the luminal side of the transmembrane protein gp210. The image in (d) 
is adapted from Ref. [34], with permission (© 2014, The Company of Biologists). 
1.3 Nucleocytoplasmic transport 
 
Although the NPC is the gateway through which all molecules must pass during nucleocytoplasmic 
transport, it is not the sole participant in the filtering process. The translocation of large molecules 
(diameter ≳5nm, or mass ≳40 kDa) is facilitated by complexation with other smaller proteins, 
called nuclear transport receptors (NTRs - also termed karyopherins, importins, exportins, and 
transportins). Nuclear transport receptors recognise and bind specific sequences of basic amino 
acids on the cargo proteins. These sequences are called nuclear localisation sequences (NLSs; 
for import) or nuclear export sequences (NESs; for export). Once bound, the affinity of the NTRs 
for the FG-nups in the NPC enables transport of the NTR•cargo complexes, via a mechanism that 
is not yet fully understood. 
 
Furthermore, in this system a bias is required to ensure that once an NTR•cargo complex has 
completed a transport event, it does not (at least on average) re-enter the NPC and reverse its 
journey. This is accomplished by the ‘Ran system’. At the end of an import event, a RanGTP 
molecule binds to the NTR of an NTR•cargo complex, inducing a conformational change and 
displacing the cargo molecule, thus releasing both the cargo molecule and the newly formed 
RanGTP•NTR complex into the nucleoplasm. This displacement reaction probably takes place 
whilst the NTR•cargo complex is interacting with Nup153 at the nuclear periphery of the NPC [33]. 
The RanGTP•NTR complex can then either return to the cytoplasm through the NPC, or bind to 
the nuclear export sequence of another cargo molecule, to facilitate its exit from the nucleus. Once 
in the cytoplasm, GTP hydrolysis of Ran by RanGAP and RanBP1 frees the cargo molecule and 
the NTR, leaving the hydrolysed RanGDP. This RanGDP:RanGTP gradient - with more RanGDP 
in the cytoplasm and more RanGTP in the nucleoplasm – is maintained by the nuclear 
RanGTPase RCC1, and is integral for maintaining directionality of transport across the NPC [35]. 
 
1.4 Nuclear transport receptors 
 
NTRs belong to a family of proteins with approximately 20 members that all share similar 
properties with the prototype importin-b (termed Impb): i.e., they can bind to RanGTP at the N-
terminus, they are hydrophobic, and they exhibit an affinity for the FG-nups [36]. Impb is a ~100 
kDa protein with ~19 HEAT-repeat sequences (i.e., antiparallel a-helical domains) that interact 
with cargo molecules [37]. Impb has approximately 9 different FxFG binding sites: hydrophobic 
pockets that interact with the FG-nups [38]; the smaller transport receptor, NTF2 (~29 kDa), has 
only two FxFG binding sites [39]. 
 
Although the role of NTRs in the import and export cycles is quite well understood, exactly how 
they facilitate the passage of cargoes through the FG-nups is not. NTRs, such as Impb, have an 
affinity for the FG-nups. Experimental results suggest that transient, multivalent interactions occur 
between the FxFG binding sites and the FG-nups, with very fast binding and unbinding kinetics, 
perhaps explaining how NTRs can favour cargo molecules over inert cytosolic proteins, whilst 
maintaining a high rate of transport through the NPC (>100 transport events per second per NPC) 
[31,40]. At physiological concentrations (~10 µM [41]), it is probable that Impb is incorporated into 
the FG-nup meshwork inside the central conduit of the NPC [42]; and without Impb, passive 
diffusion has been observed to increase [33]. This raises the question if – beyond their role in 
facilitating transport – NTRs are also essential for the barrier function of the NPC [43–45]. 
 
1.5 Probing the NPC with atomic force microscopy 
 
The scaffold ring structures of the NPC have been quite well characterised by a variety of 
techniques [3,7,10,15,22,46,47]. However, the FG-nups, comprising the central transport barrier of 
the NPC, are largely disordered in nature and are therefore not very amenable to crystallographic 
or averaging methods. As a result, the morphology and workings of the FG-nups in the central 
transport barrier have not been elucidated, and there is scope for experimental methods that are 
complementary to conventional structural methods, such as X-ray crystallography and (cryo-) 
electron microscopy. One such technique is atomic force microscopy (AFM). 
 
AFM is a surface technique that can build up an image by raster-scanning a sharp probe over a 
sample, line-by-line. As the AFM tip passes over the sample, it traces the sample contours, giving 
a topographical map of the material (see Figure 1), while monitoring the force between the tip and 
the sample via the deflection of the flexible cantilever upon which the tip is mounted. It can be 
done in aqueous solution, and does not require any chemical tagging or fixation (although fixation 
can help to immobilise samples). Over the years, this technique has been used to image the 
nuclear envelope of Xenopus laevis oocytes, both in air and in aqueous solution [48–61]. Further 
developments in AFM have enabled imaging at increasing spatial and temporal resolutions. 
Recently, this has led to the observation of time-dependent fluctuations of FG-nups, offering a 
glimpse of their dynamics at the cytoplasmic periphery of NPCs in aqueous solution [62]. At 
present, it is unclear as to what extent such observations can be extrapolated to the dynamics of 
FG-nups throughout the entire transport barrier. The barrier depth, in the case of NPCs in 
Xenopus laevis oocytes, is ~50-60 nm, compared to the sub-nanometre height scale at which 
dynamics were observed by AFM imaging. Therefore, for a greater understanding of the FG-nups’ 
morphology and role in transport, information from below the surface is required. 
 
Further to building an image, at every pixel, AFM can also mechanically indent below the top 
surface of the material, and the force response of the cantilever can be measured accordingly. 
This produces a force-distance curve (or force curve) at every pixel, which provides information on 
the nanomechanical properties of the material being indented. Therefore, using this technique, the 
elasticity and stiffness of the FG-nups can be measured, giving information on their morphology 
over more than ~20 nm below the top surface of the transport barrier inside the NPC [28]. Are they 
interacting strongly as an ensemble to create a dense, hydrogel material? Are they interacting 
weakly and acting as predominantly entropic polymer brushes, thus occupying a larger but less 
dense volume? Or, are they somewhere in-between? Force curves can be collected, and thus 
nanomechanical properties recorded, at different locations with respect to the NPC scaffold 
structure. Analogous to procedures employed in electron microscopy, such data can be 
symmetrized by making use of the rotational symmetry of the NPC (limited, of course, by the 
spatial resolution within each experiment), and averaged for data collected over many NPCs. The 
resulting averages can be visualized by plotting stiffness cross-sections, which represent the force 
gradient experienced by the AFM tip as a function of vertical and radial position inside the NPC 
(see Figure 2). Such stiffness cross-sections are in good agreement with the NPC reconstructions 
as determined by cryo-electron microscopy [10], with the note that such reconstructions typically 
mask the very centre of the pore to facilitate the averaging process, and that they are less reliable 
in capturing disordered protein arrangements. 
 
Figure 2. Nanomechanical mapping of the NPC. (a) Schematic showing an AFM tip probing 
inside the central transport channel of the NPC (not to scale). (b) The force curve (black) obtained 
after averaging (here: n = 9) force curves recorded in the central channel of an NPC. Grey circles 
indicate the non-averaged data points. (c) Stiffness curve as obtained by a numerical derivative of 
the force curve in b. (d) The stiffness cross-section of the cytoplasmic face of the NPC (from Ref. 
[28], with permission, © 2014, Nature Publishing Group), overlaid on an EM reconstruction 
(adapted from Ref. [10], licensed under CC-BY 4.0). Force curves are collected and averaged 
based on their radial position with respect to the central axis of rotation of the NPC. This 
symmetrises the NPC, and renders a profile representation. Red represents a greater stiffness 
response from the material, and yellow a smaller stiffness response. 
 
2 Mechanics of the Transport Barrier 
 
2.1 Hypotheses for the mechanisms of transport 
 
The precise role played by FG-nups and NTRs in the transport of cargoes is not easy to resolve. 
NTRs are known to have an affinity for FG-nups, NLSs, and NESs, and to promote the passage of 
cargoes; but the precise morphology of FG-nups is not known. It is also apparent that the rate of 
nucleocytoplasmic transport is very fast: it has been estimated that a mass of nearly 100 MDa 
translocates a single NPC every second [63]. However, one can imagine that if the binding 
interaction between NTRs and FG-nups is too strong, the rate of transport will be slow; but that if it 
is too weak, cargo molecules will not be sufficiently favoured over inert proteins. How is it that 
transport through the NPC can be both fast and selective?   
 
This debate has manifested itself through various streams of thought, which may be positioned on 
a scale that ranges between two extremes: one, in which the FG-nups are assumed to be 
cohesive to the extent of forming a hydrogel, or a size-selective meshwork; and the other, in which 
the FG-nups are not cohesive, but instead form a predominantly entropic barrier to transport, due 
to the reduction in configurational freedom (and thus in entropy) experienced by FG-nups upon 
interaction with cargo molecules. The selective phase model, for example, assumes that FG-nups 
are cohesive enough to form a hydrogel or a cross-linked meshwork, with a mesh size that allows 
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passive diffusion of small molecules (≲5 nm in diameter) but excludes larger, inert molecules. 
NTRs can then interact with the FG-nups to melt through the meshwork, shuttling bound cargo 
molecules [24,63–68]. On the other hand, the virtual gate model assumes a lesser degree of 
cohesion between the FG-nups. In this scenario, the FG-nups act as polymer brushes that exert 
entropic forces against compression, which provides a barrier to inert molecules. Stochastic 
binding events between NTRs and FG-nups then enable the passage of NTR•cargo complexes 
through the NPC [29,31,69–71]. Similarly, the reduction-of-dimensionality mechanism assumes 
that FG-nups are not sufficiently cohesive to form a meshwork across the entire diameter of the 
pore. Instead, a wall of hydrophobic, dynamic FG-nups covers the inner walls of the NPC, leaving 
a small central channel un-occluded in the centre of the pore to allow passive diffusion. 
NTR•cargo complexes then bind to the hydrophobic wall of FG-nups, and conduct a 2D, or nearly 
1D random walk to pass through the NPC [25,27,72]. The forest model suggests that more 
charged, less cohesive domains cause FG-nups to extend from the NPC scaffold towards the 
central axis, acting as entropic polymer brushes. This extension positions the more cohesive 
domains of FG-nups towards the NPC centre, where they can form a hydrogel. This leaves 
various possible routes of transport for NTR•cargo complexes [10,26]. The list of proposed 
mechanisms goes on [44,73,74]. 
 
Although some studies still suggest that the selection of passage through the NPC is dominated 
by entropic effects [29,31], other recent work indicates that the morphology of the FG-nups 
exhibits both FG-nup cohesion and entropic repulsion [42,75], the two of which may be finely 
tuned to facilitate the selective transport of NTRs and NTR•cargo complexes. 
 
2.2 Polymer mechanics of FG-nups grafted in the planar geometry 
 
Due to the difficulty of probing FG-nups in the cylindrical geometry (whether in intact NPCs or 
biomimetic nanopores), several experiments have been performed on FG-nups tethered to a 
planar surface, thereby making them more amenable to surface techniques. By performing these 
experiments, several questions can be addressed: Do the FG-nups extend away from the 
substrate and into solution (i.e., do they act as predominantly entropic and steric polymer 
brushes), or do they collapse towards the substrate (i.e., forming a strongly cohesive and therefore 
condensed polymer brush with properties approaching those of a hydrogel)? Does the FG-nup film 
swell or collapse upon addition of NTRs? And, is the observed behaviour dependent upon 
parameters such as grafting density (i.e., the concentration of FG-nups inside the NPC), FG-nup 
cohesiveness, NTR•FG-nup binding avidity, and NTR size and concentration?  
 
Initial experiments in this area gave conflicting results. A study by Lim et al. (2007), using the 
FxFG-rich domain of human Nup153 – found at the nuclear periphery of the NPC [12] – reported 
that the FG-nups form an entropic polymer brush. Upon addition of mammalian Impb, at 
concentrations several orders of magnitude below that of physiological concentrations [73], the 
film was observed to collapse dramatically towards the substrate. However, a similar study by 
Eisele et al. (2010) did not show any sign of a collapse [76]. In this instance, the FxFG-domain of 
the yeast FG-nup, Nsp1p – found both in the central channel and at the nuclear periphery of the 
NPC [77,78] – was tethered to a supported lipid bilayer. Upon addition of low concentrations of 
yeast Impb (~1 µM), hardly any change was observed in film thickness, but upon addition of 
physiological concentrations of Impb (~10 µM [41]), the FG-domain was observed to swell by a 
few nanometres, from its original film thickness of tens of nanometres. 
 
The contradiction between these studies highlights the importance of parameters such as FG-nup 
grafting density, FG-nup cohesiveness, NTR•FG-nup binding avidity, and NTR concentration. The 
extension of any given FG-nup away from a substrate is not an intrinsic property of the protein, but 
is dependent upon all these parameters [75]. The human Nup153 is likely less cohesive than the 
yeast Nsp1. Furthermore, in the experiments mentioned above, the grafting density of Nup153 
was far lower than that of Nsp1p; the binding avidity of Nup153 to mammalian Impb could be as 
much as an order of magnitude stronger than that of Nsp1 to yeast Impb [79,80]; and the 
concentration of mammalian Impb added to Nup153 was far less than the concentration of yeast 
Impb added to Nsp1p. Further complications may arise from differences in the underlying 
substrate and its passivation. 
 
Indeed, without considering the contribution made by the NTRs, but instead probing the FG-
domain films as a function of FG-nup cohesiveness and grafting density, the behaviour of the 
proteins can begin to be elucidated [32]. In a study by Eisele et al. (2013), three different FG-
domain films, each with varying degrees of cohesiveness, were tethered to a supported lipid 
bilayer: the very cohesive O-GlcNAc modified Nup98 from Xenopus tropicalis, ‘Nup98-glyco’; the 
slightly less cohesive Nsp1-WT from Saccharomyces cerevisiae; and the relatively non-cohesive 
Nsp1-FILV®S mutant [32]. It was observed that the binding kinetics of the FG-domains to the 
supported lipid bilayer substrate depended on surface occupancy, but more importantly on FG-
domain cohesiveness. The very cohesive Nup98-glyco exhibited fast binding kinetics up to a 
surface coverage (G) of 10 pmol/cm2, the less cohesive Nsp1-WT exhibited an appreciable 
decrease in binding rate after G=6 pmol/cm2, and for the non-cohesive Nsp1-FILV®S mutant, the 
surface coverage plateaued at ~ 5 pmol/cm2 [32]. These results can be understood in terms of FG-
domain interaction strength. For the more cohesive FG-nups, the entropic penalty incurred from a 
higher grafting density is compensated by the stronger FG-domain interactions; but for the less 
cohesive FG-nups, the entropic penalty of a high grafting density is too high, and cannot be 
compensated by the weaker FG-domain interactions. Furthermore, the self-assembled FG-domain 
morphology is dependent upon the grafting density. AFM imaging revealed homogeneous 
hydrogels for the cohesive Nup98-glyco at grafting densities of ~ 9 pmol/cm2, but at 4 pmol/cm2 a 
heterogeneous surface was observed, suggesting disruption to the FG-domain morphology, and 
regions of partial collapse [32]. 
 
However, it is important not to interpret these results through the binary lens of either a hydrogel or 
a polymer brush. As Eisele et al. (2013) comment in their work, by defining the term hydrogel as a 
‘nonfluid polymer network that is expanded throughout its whole volume by aqueous solvent’, it 
can be imagined that there is a sliding scale from entropic-brush to gel-like morphologies of FG-
nups [32]. The FG-nups can exhibit the behaviour of cohesive polymers, forming strong, non-
transient cross-links, and a stable nonfluid hydrogel; they can be less cohesive polymers, forming 
weaker, transient cross-links, creating a less-dense fluid hydrogel; or, if they are non-cohesive or 
even repulsive polymers, they can sample lateral as well as extended states, forming a polymer 
brush that is dominated by entropic and steric interactions, but perhaps still experiencing 
interpenetration, therefore forming a voluminous, larger meshwork. Indeed, FRAP results gave 
further evidence to this idea [32]. By watching the lateral diffusion of the three different FG-domain 
films tethered to a fluid SLB, it was observed that the very cohesive Nup98-glyco showed very little 
lateral diffusion; a slow but significant rate of diffusion was observed for the less cohesive Nsp1-
WT in the same time-frame; and very quick diffusion was observed for the non-cohesive Nsp1-
FILV®S. The varying levels of cohesiveness were forming morphologies with different degrees of 
interpenetration: ranging from stable, nonfluid hydrogels (Nup98-glyco), to mobile, fluid polymer 
brushes (Nsp1-FILV®S), with Nsp1-WT somewhere in the middle. 
 
More recently, models based upon polymer physics have begun to more quantitatively elucidate 
the behaviour of FG-domain films on planar surfaces, converging on the idea that their 
morphology is probably the result of a finely balanced system exhibiting significant contributions 
from both FG-nup•FG-nup cohesion and entropic repulsion [42,75]. A study by Zahn et al. (2016), 
monitoring the binding kinetics of the Homo sapiens NTF2 with three different FG-domains – Nsp1 
from Sacchromyces cerevisiae, Nup98-glyco from Xenopus tropicalis, and a synthetic polypeptide 
with regular FSFG repeat domains; as well as Sacchromyces cerevisiae Importin-b with Nsp1 – 
has shown that remarkably similar binding kinetics are observed for different NTRs with different 
FG-domains. For both NTRs, and for all FG-domains, a similar shape to the binding isotherms was 
observed: always exhibiting fast initial binding kinetics, followed by negative cooperativity in the 
physiologically relevant concentration range (phenomena also experimentally observed in other 
studies [44,45,74]). Similarly, another model developed by Vovk et al. (2016), also based upon 
polymer physics, has arrived at a qualitatively similar result, namely, that the cohesiveness of the 
FG-nups is tuned to be somewhere in-between the ideal non-cohesive polymer brush morphology, 
and the cohesive, nonfluid, hydrogel [75]. Using the experimental data from Kapinos et al. (2014) 
and Wagner et al. (2015) [44,45], for Nup62, Nup98, Nup153, and Nsp1 tethered to a planar 
surface, the morphology of all the FG-nups was found to be in-between the two extreme regimes 
(polymer brush and hydrogel) [75]. This raises the question: Is heterogeneity in FG-nups and in 
NTRs important to the transport barrier of the NPC, or do more generic principles govern the rate 
and selectivity of transport through the NPC?  
 
Without considering the heterogeneity between the FG-nups, and only considering two parameters 
– the FG-nup cohesiveness and NTR•FG-nup binding avidity – the model developed by Zahn et 
al. (2016), accurately reproduced the experimental results [42]. It is therefore possible that general 
biophysical principles determine transport through the NPC. Whilst it is true that heterogeneity in 
the FG-nups may nuance their function along the axis of transport, it may only be of minor 
importance for the FG-nups forming the selective transport barrier deep inside the central channel. 
For these FG-nups, it is conceivable that the overall balance between cohesive and repulsive FG-
domains, and the strength of NTR•FG-nup binding avidities, dictates their function. If one 
imagines both the cohesive properties of the FG-nups and the NTR•FG-nup binding avidities as 
averaged-out properties, the mechanism of selective and fast transport can be reasoned. The FG-
nup cohesiveness is tuned to be great enough to create a size-excluding meshwork (thus 
excluding large, inert proteins), but weak enough so that it can be interpenetrated by NTRs; whilst 
the NTR•FG-nup binding avidity is tuned to be strong enough to displace FG-nup•FG-nup 
interactions, but weak enough to have fast unbinding kinetics, and maintain fast rates of transport 
through the NPC. The selectivity of the NPC can also be explained. As shown by the modelling 
work [42], a small decrease in the NTR•FG-nup binding avidity engenders a drastic drop in 
binding kinetics, thus excluding inert proteins which have a weak affinity for the FG-nups. 
 
 
Figure 3. Mechanical characteristics of polymer brush and hydrogel models. (a) 
Schematic of the NPC showing the central nups in the ideal polymer brush conformation. (b) 
Schematic of the NPC with the nups in the dense hydrogel conformation. (c) Predicted 
(qualitative) shape of a stiffness curve for an AFM tip interacting with polymer brush nups. (d) 
Predicted (qualitative) shape of a stiffness curve for FG-nups forming a hydrogel. (e) Stiffness 
curve obtained from a DFT calculation for an AFM tip indenting into FG-nups that are just not 
sufficiently cohesive to condense in the central NPC channel, resulting in entropic-brush 
characteristics. (f) Stiffness curve obtained from a DFT calculation for an AFM tip indenting into 
FG-nups that are just sufficiently cohesive to condense in the central NPC channel, resulting in 
mechanical characteristics indicative of a hydrogel. (g) Experimentally obtained stiffness curve 
obtained from the central channel of the NPC (cytoplasmic side). Overall, mechanical data on 
intact NPCs [28] are in closer agreement with a hydrogel model, which does not exclude, 
however, an entropic contribution. DFT curves are adapted from Ref. [28], with permission (© 
2014, Nature Publishing Group). 
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2.3 Probing the FG-nups of intact NPCs 
 
As outlined above, it is difficult to directly probe the FG-nups of intact NPCs. The diameter of the 
NPC transport channel is ~40 nm, with many of the FG-nups located deep inside the lumen; in 
addition, the nucleoplasmic face of the NPC is occluded by the nuclear basket, meaning it cannot 
be probed by surface techniques. However, by using AFM with a supersharp, high-aspect-ratio 
silicon probe, with a tip radius of ~2 nm, the FG-nups can be accessed via the cytoplasmic face of 
the NPC. Furthermore, by indenting below the top surface of the FG-nups (over a depth >20 nm) 
and recording the force response of the cantilever (as explained in section 1.5), conclusions can 
be drawn about the type of material being probed [28]. For example, is the material acting as a 
hydrogel, or as a polymer brush? Or is it somewhere in-between?  
 
Figure 3a and 3b show schematics of the FG-nups in the idealised polymer brush and dense 
hydrogel morphologies, respectively. Also shown are the stiffness curves as qualitatively predicted 
to be rendered if the FG-nups assumed either of these extreme morphologies (Figure 3c and 3d); 
the (quantitative) stiffness curves calculated from polymer physics (classical DFT) for 
conformations at the crossover between the two extremes (Figure 3e and 3f) [81,82]; and the 
stiffness curve experimentally obtained from the central transport channel of the NPC in aqueous 
solution (Figure 3g). The experimental curve demonstrates a far greater stiffness than is predicted 
for the predominantly entropic polymer brush scenario, and shows a general shape more similar to 
that calculated for the hydrogel morphology. These results suggest that the cohesion of the FG-
nups is strong enough to form some sort of clump, or condensate of FG-nups in the centre of the 
NPC transport channel, albeit only marginally so (which would make sense, as the condensate 
would need to be dissolved to facilitate transport of larger cargoes). Modelling work suggests that, 
in the cylindrical geometry, this centrally condensed morphology of polymers becomes 
increasingly more likely as the cohesiveness of the FG-nups increases [81,83]. 
 
However, in native NPCs, it must be considered that NTRs may form an intrinsic component of the 
transport barrier (as discussed in section 1.4). Indeed, experiments of NTRs binding to FG-nup 
planar films (at relevant polymer grafting densities and physiological concentrations of NTRs) 
affords an increase in FG-domain mass, sometimes by as much as 40% [42]: suggesting that the 
FG-nups are both interpenetrated by, and shrouded in NTRs, and that the transport barrier in vivo 
is likely to contain large volume fractions of both FG-nups and NTRs at all times (schematics of 
possible NTR/FG-nup arrangements in the NPC are shown in Figure 4a and 4b). In order to probe 
the contribution of NTRs to the transport barrier, NPCs were incubated with the Ran system and 
ATP (to activate the transport cycle and flush out NTRs and cargos), and benzonase (to digest 
ribonucleoproteins: a common cargo molecule), and their stiffness cross-sections were measured 
(as outlined in section 1.5) [28]. In spite of a significant reduction of cargo molecules in the nuclear 
envelope (as measured by fluorescence microscopy and Western blot analysis), the measured 
stiffness profile was similar to that of a paired control (Figure 4c). However, a stiffness contribution 
from NTRs could not be fully excluded in these experiments. The stiffness response observed 
from the central channel, even after activation of the transport cycle, implies that the FG-nup 
condensate still forms in the central transport channel, i.e., the cohesiveness of the FG-nups is 
great enough to form a central plug, albeit that this may be facilitated by the presence of NTRs 
remaining in the barrier. Upon deliberate incubation of the NPCs with exogenous Impb, a swelling 
of the transport channel was observed, along with homogenisation of the stiffness cross-section 
along the radial profile of the NPC (Figure 4d). This swelling behaviour, also observed on planar 
FG-domain films [42,44,45,76], suggests an accumulation of Impb both in and around the FG-
nups. Possible NTR/FG-nup arrangements for such accumulation have been proposed by physical 
modelling, again dependent upon FG-nup cohesiveness and NTR•FG-nup binding avidity, and 
remain to be tested [82]. 
 
Taken as a whole, experiments on FG-domain planar films, and AFM experiments on intact NPCs, 
coupled with modelling work, suggest that the FG-nups within the NPC assume a morphology 
resulting from a finely tuned system balanced by contributions from FG-nup cohesion and entropic 
repulsion, and NTR•FG-nup binding avidity. The affinity of the NTR•cargo complexes for the FG-
nups, and their fast binding and unbinding kinetics, then allows for the fast and selective transport 
of cargoes through the NPC. However, this does not explain how large cargoes, i.e. those  
approaching the size of the pore diameter (such as virus capsids [84]), translocate the NPC. 
Figure 5a, 5b and 5c show the results from Monte Carlo simulations of polymers in the pore 
geometry, with the same cohesiveness, but different starting conformations [81,85], to outline 
behaviours that may be adopted by FG-nups in the NPC. The polymers can find two different 
(meta)stable morphologies: the central polymer condensate (Figure 5a) or the collapsed wall state 
(Figure 5b and 5c). This raises the attractive idea that the cohesive properties of the FG-nups are 
tuned to be near the phase boundary between these two states. This would enable the FG-nups to 
natively maintain a morphology akin to the central phase (Figure 5a), thereby occluding the central 
transport channel to maintain the selective barrier; but to then be able to drastically rearrange and 
assume a morphology similar to the wall phase (Figure 5b and 5c), with only a small activation 
energy barrier, thus facilitating the transport of large cargoes. Indeed, best agreement between 
experimental data and model predictions is found for an FG-nup cohesiveness that is only just 
sufficient to form a central FG-nup condensate in the NPC channel [28]. 
 
 
Figure 4. Measuring mechanical properties inside the NPC. (a) Schematic of the NPC showing 
a possible arrangement for the nuclear transport receptors (red circles) interacting with the FG- 
nups [82]. The NTRs form a network within the polymer meshwork. (b) Schematic of the NPC 
showing another possible conformation for the NTRs interacting with the nups. Here, the 
increased FG-nup•FG-nup interaction strength (as compared to the NTR•FG-nup interaction 
strength) results in the NTRs being on average localized above and below the nups. (c) Averaged 
stiffness cross-sections of NPCs in liquid following washes without (control; top) and with Ran-/E-
mix and benzonase (bottom). The Ran-/E-mix and benzonase flushes out nuclear transport 
receptors and digests ribonucleoproteins (cargoes) stuck in transit. (d) Averaged stiffness cross-
sections of NPCs in liquid following washes without additional NTRs (control; top), and with added 
Importin-β (0.5 µM; bottom). Stiffness cross-sections adapted from Ref. [28], with permission (© 
2014, Nature Publishing Group). 
 
 
Figure 5. Monte Carlo simulations of polymers in a cylinder. With the same parameters but 
different starting conditions, Monte Carlo simulations of polymers anchored inside a cylinder show 
two distinctly different conformations: the central phase (a) and the wall phase (b & c). 40 
polymers of length 100 nm and segment length 1 nm are simulated in a cylinder of radius 25 nm. 
Figure adapted from Ref. [85], licensed under CC-BY 3.0. 
3 Concluding Remarks 
 
For many years, the debate surrounding the role played by FG-nups and NTRs in the formation of 
the selective transport barrier has focussed on the differences between (predominantly) cohesive 
versus entropic behaviour of FG-nups in reconstituted model systems and in the NPC. While 
recent studies to some extent continue to primarily emphasise entropic [29,31] or cohesive 
[28,32,42,86] aspects of the transport barrier, quantitative analyses of experimental data now 
indicate that both cohesion and entropic repulsion have significant roles to play [42,75] and are 
certainly not mutually exclusive. Quite generally, entropic aspects are undeniably essential to 
determine the morphology of unstructured, flexible proteins such as FG-nups; and a certain 
degree of FG-nup cohesion may even be required for the biogenesis of the NPC: binding of non-
cohesive FG-nups to a supported lipid bilayer exhibit very slow kinetics [32], and result in grafting 
densities that would not account for the concentration of FG-repeat domains found in mammalian 
NPCs [87]. 
 
Focussing on the polymer mechanics of FG-nup assemblies, one may hypothesise that NPC 
transport selectivity results from the rather finely tuned balance between cohesive and entropic 
interactions [42,75]. Indeed, mechanical measurements of FG-nups in NPCs [28] suggest a 
cohesiveness that is just about sufficient to enable them – possibly facilitated by uptake of NTRs – 
to span across and thus seal the transport channel, thereby creating a selective transport barrier. 
Fast rates of transport would thus be facilitated by the vicinity to transitions between different FG-
nup morphologies [81,85], as well as by the fast, multivalent binding and unbinding kinetics 
between the FG-nups and the NTRs [40]; whilst the affinity of the NTRs to the FG-nups engenders 
the selectivity, favouring NTR•cargo complexes over inert macromolecules. Over the following 
years, biophysical studies are likely to further validate such hypotheses and lead to a more 
quantitative understanding of transport selectivity of nuclear import and export. 
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